Abstract: This paper analyzes the laminar, incompressible mixed convective transport inside vertical channel in an electrically conducting uid saturated porous medium. In addition, this model incorporates the combined e ects of Soret, Hall current and Joule heating. The nonlinear governing equations and their related boundary conditions are initially cast into a dimensionless form using suitable similarity transformations and hence solved using Adomian Decomposition Method (ADM). In order to explore the in uence of various parameters on uid ow properties, quantitative analysis is exhibited graphically and shown in tabular form.
Introduction
Considerable attention has been paid to the immense investigation of mixed convection ow saturated porous medium due to its diverse application in engineering and industrial process such as dispersion of fog, solar energy collecting devices, air conditioning of a room, material processing, cooling of molten metals, petroleum industries, moisture transport in thermal insulation etc. Di erent simulation procedures have been adopted by several researchers to analyze the natural convection ow saturated porous medium in vertical channel with various uid models. The analysis of combined free and forced convection ow between two asymmetrically and symmetrically heated vertical parallel walls in a porous medium with vis-cous dissipation e ect has been considered by Ingham et al. [1] . Paul et al. [2] presented an analytical solution for the free convection ow between vertical walls partially lled with porous matrix and a clear uid placing an interface vertically. Umavathi [3] discussed the natural convection ow of immiscible uids in a vertical channel lled with a porous medium taking into account of Darcy-BrinkmanForchheimer equation model. Most recently, Biswas et al. [4] studied the nature of mixed convection uid ow in a grooved channel with injection and heat transfer.
Thermal-di usion, also called Soret e ect, refers to species di erentiation, developing in an initial homogeneous mixture subjected to a temperature gradient. In many cases related to heat and mass transfer problems, Soret e ect is neglected due to that it is a smaller order of magnitude than the e ects described by Fourier's and Fick's laws. The applications and early literature can be seen in article by A fy [5] . Srinivasacharya and Kaladhar [6] analyzed the free convection ow of a chemical reacting couple stress uid in a vertical channel with the in uence of Soret and Dufour e ects. With the in uence of Soret and Dufour e ects on free convection ow in a power law uid saturated porous medium in the presence of the magnetic eld and strati cation has been presented by Srinivasacharya et al. [7] (also see the citations therein).
Several researchers combined the Magnetohydrodynamics (MHD) ow problems with Hall e ect owing that when the strength of the magnetic eld is strong, one cannot neglect the Hall current e ect. The current component which ows in the direction mutually perpendicular to both the electric and magnetic induction elds is known as the Hall current. In view of applications, considerable attention has been devoted to Hall current e ects in many astrophysical and geophysical situations as well as in engineering problems such as centrifugal machines, constructions of turbines and Hall accelerators. In addition to useful features of induction ow meters, MHD ows, planetary and solar dynamic problems, such studies can be helpful in prediction of the e ects of magnetic intrusions. Tani [8] discussed the steady motion of electrically conducting viscous uid in channels in the presence of Hall e ect. A detailed analysis regarding the e ect of Hall and Ion-slip e ects in non-Newtonian uids, one can refer the works of Srinivasacharya and Mekonnen [9, 10] . Later, the mathematical model was given by Manglesh and Gorla [11] to study the e ects of thermal radiation, di usion and Hall current on unsteady free convection ow of an electrically conducting uid through a porous medium in a vertical channel. Garg et al. [12] examined the Hall e ect of an oscillatory magneto-hydrodynamic convective ow of an electrically conducting viscoelastic uid through a porous medium lled in a vertical porous channel.
In all erstwhile studies, the e ect of Joule heating was ignored and works on Joule heating e ects of participating MHD are fewer. Joule heating is the predominant heat mechanism for heat generation in integrated circuits and is an undesired e ect. The e ect of Joule heating is usually characterized by the product of the magnetic parameter and Brinkman number, and it has a very important part in geophysical ow and in nuclear engineering [13] . Chen [14] considered the radiative heat transfer and free convection ow past permeable stretching surfaces with Joule heating and viscous dissipation e ects. Hossain and Gorla [15] scrutinized the e ect of Joule heating on mixed convection boundary layer ow of an electrically conducting uid past a vertical surface in the presence of a uniform transverse magnetic eld xed relative to the surface. The com-bined viscous and Joule heating e ects on nonlinear convection ow on stagnation point through stretching or shrinking sheet in the presence of homogeneous and heterogeneous reactions has been studied by Nandkeolyar [16] . Recently, Zhang et al. [17] analyzed the Joule heating e ects of free convection participating magneto-hydrodynamics under di erent levels of thermal radiation in a square cavity with the in uence of a Hall e ect.
Most scienti c problems such as heat transfer problems are inherently of nonlinearity. There are few phenomena in di erent elds of science occurring linearly. Therefore, these nonlinear equations should be solved using other methods. Some of them are solved using numerical techniques [18] and some of them are solved using the analytical methods such as perturbation technique, HPM, HAM and etc. [19] [20] [21] [22] . The other well-known method is Adomian's decomposition method (ADM) [23, 24] . This method provides a direct scheme for solving linear and nonlinear deterministic and stochastic equations without linearization and yields convergent series solutions rapidly. An advantage of this method is that, it can provide analytical or an approximated solution to a rather wide class of nonlinear (and stochastic) equations without linearization, perturbation, closure approximation, or discretization. ADM gives the approximated solution of the problem without any simpli cation. Thus, it's results are more pragmatic. During recent years, Wazwaz et al. [25] used the modi ed Adomian decomposition method and the noise terms phenomenon for solving nonlinear weakly-singular Volterra and Fredholm integral equations. After that, Chen and Liu [26] employed the modi ed asymptotic Adomian decomposition method to solve the Boussinesq equation of ground water ow. Most recently, Bougo a et al. [27] solved the Stefan problem by using the Adomian decomposition method.
The aim of the present article is to study natural convection ow of an electrically conducting uid saturated porous medium in a vertical channel with the in uence of thermal di usion, Hall current and Joule heating e ects. Inspite of the complex structure of the problem and to provide more accurate analysis to the technical and industrial applications, the Adomian decomposition method is employed to solve the resulting system of nonlinear equations. Interesting features of the present setup are given at the end of the study.
Formulation of the problem
Consider a laminar, incompressible electrically conducting uid saturated porous medium in a vertical channel. Cartesian coordinate system is chosen in such a way that x-axis be taken along vertically upward direction through the central line of the channel, y makes right angle to vertical plates and both the plates are extended in nitely in x and z directions as shown in the Figure 1 . The vertical channel plates are placed at y = ±d. Uniform magnetic eld is applied perpendicular to the plates ( ow direction), which causes the Hall and Joule heating e ects in the ow regime. The additional force in the z-direction is generated due to the e ect of Hall current, which gives rise to a cross ow therefore the ow becomes three dimensional. Assume that the ow is steady and the magnetic Reynolds number is very small so that the induced magnetic eld can be neglected in comparison with the applied magnetic eld. Buoyancy forces and the uniform pressure gradient in x direction leads to mixed convection ow. In addition, all the uid properties are assumed to be constant except the density in the buoyancy term of the balance of momentum equation.
Consider a laminar, incompressible electrically conducting uid saturated porous medium in a vertical channel. Cartesian coordinate system is chosen in such a way that x-axis be taken along vertically upward direction through the central line of the channel, y makes right angle to vertical plates and both the plates are extended innitely in x and z directions as shown in the Figure 1 . The vertical channel plates are placed at y = ±d. Uniform magnetic eld is applied perpendicular to the plates ( ow direction), which causes the Hall and Joule heating e ects in the ow regime. The additional force in the z-direction is generated due to the e ect of Hall current, which gives rise to a cross ow therefore the ow becomes three dimensional. Assume that the ow is steady and the magnetic Reynolds number is very small so that the induced magnetic eld can be neglected in comparison with the applied magnetic eld. Buoyancy forces and the uniform pressure gradient in x direction leads to mixed convection ow. In addition, all the uid properties are assumed to be constant except the density in the buoyancy term of the balance of momentum equation.
We assume that the uid is injected into the channel through the lower wall and sucked from the channel through the upper wall with the same velocity υ . At a su ciently large distance from the origin the ow is fully developed and the physical quantities are dependent on y only. With the above presumptions, the governing equations for an electrically conducting uid saturated porous medium with thermal-di usion are Continuity Equation:
x-Momentum Equation:
z-Momentum Equation:
Temperature Equation:
Concentration Equation:
with u = and w = at y = ±d,
where the velocity components in x−, y− and z− directions are taken as u, υ, w respectively, T is the temperature, C is the concentration, ga is the acceleration due to gravity, ρ is the density, Cp is the speci c heat, µ is the coe cient of viscosity, ε is the porosity, β h is the Hall parameter, β T is the coe cient of thermal expansion, β C is the coe cient of solutal expansion, σ is the electric conductivity of the uid, B is the uniform magnetic eld, D is the mass diffusivity, K f is the coe cient of thermal conductivity and Tm is the mean uid temperature. The last terms of (4), (5) represents the Joule heating and thermal di usions respectively.
Introducing the following dimensionless variables
in Equations (2)- (5), we obtain the governing dimensionless equations as
where u is the characteristic (entrance) velocity, the primes denote di erentiation with respect to η, R = are given by
E ect of the various parameters involved in the investigation on these coe cients is discussed in the following section.
Solution of the problem via Adomian Decomposition Method(ADM)
Consider the general nonlinear ordinary or partial di erential equation
, where F represents a general di erential operator including both linear and nonlinear terms. The main idea behind this method is to decompose the linear terms into L + R, with L being an easily invertible term (usually the highest order derivative) whereas R being the remained of the linear operator.
With the above mentioned decomposition, the given equation can be written as
where Nu indicates the nonlinear terms. By solving this equation for Lu, since L is invertible, we can write
If L is a second-order operator, L − is a twofold inde nite integral. By solving Equation (15), we have
where A and B are constants of integration and can be found easily from the given initial or boundary conditions. Adomian decomposition method assumes the solution u that can be expanded into in nite series as
Also, the nonlinear term Nu will be written as
where An are the special Adomian polynomials. By specied An, next component of u can be determined
Finally, after some iteration and getting su cient accuracy, the solution can be expressed by Equation (17) . In Equation (20) , the Adomian polynomials can be generated by several means. Here we used the following recursive formulation
Since the method does not resort to linearization or assumption of weak nonlinearity, the solution generated in general is more realistic than those achieved by simplifying the model of the physical problem.
According to Equation (16) , the governing equations must be written as following
where (22) to (25) and existing boundary condition on it, we have
where
The ADM introduced the following expression
To determine the components of fm(η), gm(η), θm(η) and ϕm(η), the initial values of f (η), g (η), θ (η) and ϕ (η) are de ned by applying the boundary conditions
and according to Equation (20) 
and fm(η), gm(η), θm(η) and ϕm(η) for m ≥ be determined in similar way. In this present the computations were carried for m = , , . Then using the above in the following series expansions
lead to following equations
The accuracy of ADM solution increases by increasing the number of solution terms (m). For the complete solution of equations above a , a , a , a , a , a , a and a should be determined, with boundary conditions.
Discussion and results
The pro les of velocities (f (η), g(η)), temperature (θ(η)) and concentration (ϕ(η)) are computed and presented through plots in Figures 2(a) to 2(d) . We see that the dimensionless velocity component f (η) increases with an increase in the Hall parameter. It can be seen from Figure 2 (b) that the induced velocity decreases as β h increases. This is due to the fact that the inclusion of Hall parameter decreases the resistive force imposed by the magnetic eld due to its effect in reducing the e ective conductivity. The e ect of Hall parameter on temperature pro le is shown in Figure 2(c) . It is clear from this gure that the non-dimensional temperature pro le decreases with the increase of Hall parameter. Finally the in uence of Hall number on concentration is shown in Figure 2(d) . It is observed from the gure that the dimensionless concentration increases with an increase in Hall parameter. In addition to the above, the e ect of Darcy parameter on velocities, temperature and concentration pro les have been presented in Figure 2 . We see that the dimensionless velocity component f (η) increases with an increase in the Darcy number. It can be seen from Figure 2 (b) that the induced velocity increases as Da increases. This is due to the fact that the lower permeability enhances the ow, which leads to increases the velocities of the ow. The e ect of Darcy parameter on temperature pro le is shown in Figure 2 (c). It is clear from this gure that the non-dimensional temperature pro le increases with the increase of Darcy parameter. Finally the in uence of Darcy number on concentration is shown in Figure 2(d) . It is observed from the gure that the dimensionless concentration increases with an increase in Darcy parameter. Increasing Da increases the porous medium permeability and simultaneously decreases the darcian impedance since progressively less solid bers are present in the regime. Since the concentration equation is independent of Hall parameter and Darcy parameter, concentration pro le have no signi cant change with the Hall and Darcy parameters.
The in uence of Joule heating parameter on f (η), g(η), θ(η) and ϕ(η) are presented in Figures 3(a) to 3(d) . It is observed from these gures that an increase in the Joule heating parameter (J) is associated with a considerable increase in the velocity pro les. It is noticed from Figures 3(c)-3(d) that the dimensionless temperature and concentration pro les increases with an increase in J. In addition to the e ect of Joule heating parameter, porosity in uence on velocities, temperature and concentrations are also been presented in Figures 3(a)-3(d) . It is clear from the gures that the velocity pro les f (η), g(η), the temperature (θ(η)) of the uid ow decreases with an increase in ϵ. This can be attributed to the fact that increasing decreases the velocities and, in turn, decreases the viscous dissipation which decreases the temperature and concentration. It is observed from Figure 3 Figure 4 (a) prepared to study the in uence of the Hartman number Ha on f (η). It is clear from this gure that an increase in the parameter Ha leads to decrease the ow velocity f (η). It is obvious that the nature of the transverse magnetic eld normal to the ow direction has an a nity to create drag (nothing but Lorentz force), which leads to resist the ow. Therefore increase in magnetic parameter in uences to decrease the ow velocity. Figure 4(b) shows that the e ect of Ha on the induced ow velocity g(η). It has been noticed that the cross ow velocity increases with the increase of Ha. Figure 4(c) shows the in uence of Ha on temperature pro le. It can be noticed from this gure that as Ha increases the temperature of the ow increases. The e ect of magnetic parameter on ϕ(η) is revealed in Figure 4 (d). From this gure it is clear that increase in Ha leads to decrease in concentration. As discussed above, the Lorentz force creates resistance in the uid which leads to the friction between the uid layers. Hence the temperature increases and concentration decreases with Magnetic parameter. As the energy equation is independent of magnetic and Soret parameters, temperature have no signi cant change with Ha and Sr.
In all the above studies, temperature and concentration pro les are not signi cant with some emerging parameters. In order to be able to judge which e ects are signi cant, the net change in all the pro les with emerging parameters is presented in Table 1 . From this table is clear that the e ect of all the emerging parameters on velocity pro les is markable, where as the e ect of Hall parameter, porosity parameter, magnetic parameter and Soret number on temperature pro le is remarkable. Since these parameters are absent in the temperature equation. It is noted that the e ect of Soret number on concentration is noticeable but the in uence of the other parameters are not markable. Because these parameters are not present in concentration equation.
Variation of Joule heating parameter (J), thermal diffusion parameter (Sr), magnetic parameter Ha, Hall number (β h ), porosity parameter (ϵ) together with the Darcy parameter (Da) is presented in Table 2 with xed values of other parameters. It can be seen from this table that the skin friction coe cient decreases at the initial plate and increases at the terminal plate with an increase in Ha, Sr, J and ϵ, where as the reverse trend is observed on friction factor with an increase in darcy parameter Da and the Hall parameter β h . As magnetic parameter increases, the resistive force slow downs the friction factor at η = − . It is observed from this table that, heat transfer rate increases and mass transfer rate decreases with the increase of magnetic parameter but reverse trend is noticed when there is an increase in Hall parameter β h . Finally, the e ect of Soret parameter, darcy number, joule heating parameter and on the rate of heat and mass transfers are shown in this table. From this table it is noticed that as an increase in Sr and ϵ, heat and mass transfer rates are increases at the initial plate and decreases at the terminal plate where as the reverse trend is noticed with an increase in Da and J. The behavior of these parameters are self-evident from the Table 2 and hence are not discussed for brevity. These results are clearly shows that the emerging parameters have remarkable impact on all the pro les.
Conclusions
The present study investigates the steady manetohydrodynamic ow of Newtonian uid in a vertical channel saturated porous medium in presence of Hall, Joule heating and the Soret e ects. Adomian decomposition method is -.
-.
used to solve the nal dimensionless governing equations. The signi cant ndings are summarized as: -Fluid ow velocity in z-direction and temperature pro les ampli es where as the ow velocity and the concentration pro le decreases with an increase in Ha. -As Da increases, the velocity pro les, temperature pro le and concentration pro les increases. -It is noticed that the presence of Soret parameter in the uid decreases the velocities, temperature and the concentration of the uid. -The velocities, temperature and concentration pro les are decreases with the increase in the porosity parameter. -The ow velocities, temperature and concentration pro les are increases with the increase of Joule heating parameter.
